Series-parallel module technology can meet a DC converter's requirements of high-power, large-capacity, and high step-up ratio in photovoltaic a DC boost collection system. However, the cascaded structure has the problem of voltage and current sharing between modules, and due to the duty cycle limitation of converters, the combined converters in the PV-converter unit have an unbalanced voltage, which may also exceed the voltage range under partial shading conditions (PSCs). First, aiming at the problems of voltage sharing, current sharing, and low modularity in the combined converter, this paper proposes a distributed control strategy. Then, by adopting a coordinated control strategy based on the sub-module cutting in and out, the problem that the combined converter cannot normally boost under PSCs was solved. The paper not only takes the advantages of the cascade structure of the combined converter to increase the power and voltage, but also improves its modularity to solve the problem of abnormal operation under uneven irradiation. This dramatically improves the adaptability of combined converters in a photovoltaic DC collection system. Finally, a small power experiment was carried out, where the experimental results verified the effectiveness of the control strategy.
Introduction
Due to the increasing scale of photovoltaic plants, the problems of harmonic resonance and reactive power transmission in the traditional AC collection system are becoming increasingly prominent. It will not only harm the operation of photovoltaic power plants and power systems, but also seriously affect the transmission capacity of photovoltaic power plants [1] [2] [3] . A photovoltaic DC collection system does not have stability problems, such as power angle stabilization or harmonic resonance in the AC collection system. Furthermore, the DC output of the photovoltaic power generation unit can be transmitted after collection without the need for an intermediate DC-AC transformation link. Under the same voltage level, the transmission capacity is larger, and the loss is smaller, which has considerable economic benefits [4] [5] [6] .
A high-power, large-capacity, high-ratio DC converter is the key equipment for the DC boost collection of large-scale photovoltaic power plants. For such DC converters that need to be connected to high-voltage bus bars, it is necessary to adopt multiple switches, or the cascaded modules to 2 of 18 reduce the rated voltage value of each power unit. The commonly used schemes include high-voltage switching technology, multi-level converter technology, and modular series-parallel technology. For example, Abbate et al. [7] and Withanage and Shammas [8] used series-connected insulated gate bipolar transistors (IGBTs) to build a high-voltage, high-performance switch; however, the switches and their driving circuit cannot be entirely consistent, and it is easy to cause voltage stress in the switches and damage the devices. In Yang et al. [9] , a method that connected a resistor in parallel across the switch to achieve static voltage sharing was proposed. Baraia et al. [10] introduced a gate-level active control method, which has a high control accuracy but the control circuit is more complicated. Kim et al. [11] introduced an active clamp circuit, where its implementation is simple, but over-regulation or oscillation of the gate voltage may occur. Lüth et al. [12] proposed an isolated bidirectional DC converter based on the modular multilevel converter (MMC) -transformer-rectifier bridge, but the output AC voltage is only two-level square waves, and the advantages of MMC have not been fully applied. In Kenzelmann et al. [13] and Weixing et al. [14] , a two-stage DC-AC-DC converter was proposed, where both the DC-AC and AC-DC converters adopted an MMC structure. Still, the loss of power conversion is large, and only half of the devices in the MMC topology are in working state at any time; therefore, the utilization of the devices is low. Gowaid et al. [15] proposed an auto-coupling DC transformer topology, which reduces the loss of the two-stage structure but increases the complexity of the system control. Therefore, both high-voltage switching technology and multi-level converter technology have some disadvantages that limit their application in the field of high-voltage DC conversion. By contrast, the modular series-parallel technology uses a modular structure to form a combined converter, which can not only reduce the voltage level of the device, but also realize a power expansion. Therefore, it has better application prospects in the photovoltaic (PV) DC collection. This study adopted a combination converter with an input parallel output series (IPOS) structure; the input with a parallel connection is beneficial to improve the power and boost ratio of the converter, while the output with a series connection helps to increase the DC collection voltage level.
For the IPOS combined converter, the primary thing is to ensure that each module shares the input current and output voltage [16] . At present, some literature mainly studies control strategies from two aspects. One part of the control strategy is based on some ideal assumptions, such as the parameters of modules being completely consistent, or the working efficiency of the modules being the same, etc. The control process is relatively simple, but the effect is poor. For example, Kimball et al. [17] and Qian and Lehman [18] assumed that the parameters of each module are entirely consistent, and the control method of a uniform duty ratio is adopted. Zhang et al. [19] assumed that the working efficiency of each module is the same; either the voltage sharing or current sharing is adopted for control. The other part is based on the additional voltage or current sharing loop, where the control effect is relatively better, but the control process is more complex and the modularity of the combined converter is lower. For example, Mania and Kostakis [20] proposed a method in which each module shares an output voltage loop and has an independent current loop, where the output of the common output voltage loop is the given signal of each input current loop to ensure that the input current of each module is equal to achieve the output voltage sharing of each module. Siri et al. [21] selected the modules' highest output voltage as the reference voltage and compared it with other modules' output voltage; then, the deviation signal is superimposed on the output voltage loop to adjust the output voltage of each module.
For the series photovoltaic DC boost collection system, each photovoltaic array is boosted by a combined converter and then connected in series, which can not only improve the voltage level of the DC collection, but also avoid the problem that the number of sub-modules in the combined converter is too large to be controlled. However, under uniform illumination, the power imbalance among photovoltaic arrays will lead to an uneven voltage distribution of the combined converters, and it is possible for the converters to be out of their normal operating voltage range and fail to operate. Therefore, the coordinated control between combined converters is another problem that needs to be solved urgently. There are two solutions [22] : one is to limit the output voltage of the converter at the expense of power such that it does not work in maximum power point tracking(MPPT) mode, while the other is to expand the voltage regulation range of the boost converter to improve its adaptability to power disturbances.
To solve the above problems, this paper first proposes a distributed control strategy to improve the effect of voltage and current sharing, and enhance the modularity of the combined converter. On this basis, by introducing a coordinated control strategy based on sub-modules cutting out and in, this can not only avoid the power loss caused by the output limitation of the converter under partial shading conditions (PSCs), but also improve the reliability of the system operation. The control strategy proposed in this paper not only makes full use of the topological advantages of the combined converter, but also improves its defects, making it more practical in the photovoltaic DC boost collection system. Therefore, the study has some guiding significance for the development of photovoltaic DC boost collection technology.
The rest of the paper is organized as follows: Section 2 presents the configuration of photovoltaic DC boost collection system. In Section 3, a distributed control scheme of a combined converter is introduced. Section 4 introduces the coordinated control strategy among the combined converters under PSCs. Sections 5 and 6 analyze the simulation and experimental results, respectively. The main conclusions and contributions of the paper are drawn in the last section.
The Topology of a Photovoltaic DC Boost Collection System

Combination Converter Topology and Working Principle
In the IPOS combined converter system, the input and output of each module cannot be ground-shared, and the isolated converter must be selected [16] . Since the converter needs to achieve the MPPT and the boost level is high, the isolated full-bridge boost converter (BFBIC) is used as the basic sub-module, and its topology is shown in Figure 1 , where S c and C c form an active-clamp circuit, and when the power switches S 1 and S 4 or S 2 and S 3 are turned off, the clamp switch S c is turned on to absorb the voltage peak.
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Coordinated Control between Combined Converters under PSCs
Output Relationship between Combined Converters in a Series Collection System under PSCs
Taking the photovoltaic DC boost collection system shown in Figure 4 as an example, it contains N PV arrays, and each converter is composed of M sub-modules. It is assumed that the DC-connected voltage of the collection system is V s , if converter's own energy loss is ignored. When the PV arrays operate in MPPT mode, the power, the voltage, and the current on the output side of the combined converter are P J , U PVJ , I J respectively, (J = 1, 2, . . . , N), according to the energy relationship:
Since each photovoltaic array is boosted by a combination converter and then connected in series, the combined converter of each photovoltaic array and the boosting side is regarded as one power unit, and the current flowing through each unit is equal, such that the voltage distributed by each unit is proportional to its output power. The grid-connected voltage of the collection system is known to be V s ; therefore, the theoretical output voltage of each combined converter is:
It is known that the duty cycle of the converter during steady-state operation should satisfy 0.5 < D < 1. However, the duty ratio cannot reach the theoretical maximum value of 1. Otherwise, it will affect its actual control performance and operational stability. Therefore, this paper takes an upper limited duty cycle of 0.8 as an example to illustrate the control method, though it can be applied under other duty cycle upper limits too. The output voltage expression of the combined converter is as shown in Equation (2); when D is 0.5, substitute 0.5 into Equation (2), and the minimum critical output voltage of the combined converter is U o_L = MnU PVJ , but when D is 0.8, substitute 0.8 into Equation (2), and the maximum critical output voltage U o_U = 2.5MnU PVJ . Therefore, to ensure that the combined DC transformer can normally and steadily boost the voltage, it is necessary to ensure that the actual output voltage of the combined converter changes within this range, such that its output should meet Equation (5):
Control Strategy Involving Sub-Modules Cutting in and out
The photovoltaic arrays in the series collection system will cause a power imbalance under PSCs. According to Equation (4), this will lead to an uneven voltage distribution of the converters, Energies 2020, 13, 474 7 of 18 and converters may even exceed the normal operating voltage range under the severe imbalance and fail to operate. The sub-module of the combined converter under distributed control is easy to cut in and out; therefore, this paper proposes a coordinated control strategy based on sub-modules cutting in and out, which ensures that each array works in MPPT mode and can flexibly adjust the output voltage range. To make the best use of photovoltaic power and improve the system's resistance to power disturbance, the flow of the control strategy is as follows:
(1) Calculate the power P J and voltage U PVJ at the maximum power point of each PV array under PSCs.
(2) Calculate the combined converters' theoretical output voltage value U dcJ , where the output voltage of each converter is distributed according to Equation (4). (3) Calculate the minimum critical value U o_L and the maximum critical value U o_U of the combined converters. (4) Determine whether Equation (5) is satisfied or not; if the output of each array is satisfied, all the combined converters can work normally. (5) If the theoretical output voltage of a combined converter is less than or equal to the minimum critical value, i.e., U dcJ ≤ MnU PVJ , the duty ratio of the converter will be less than or equal to 0.5, and it cannot work properly. Suppose cutting out a sub-module of this combined converter, such that the output voltage is borne by each of the remaining M-1 sub-modules will increase. This continues with the number of removed sub-modules increasing until the duty ratio of the remaining sub-modules will increase gradually until it becomes greater than 0.5. When cutting out the sub-modules of the combined converter, it is also necessary to consider whether the output voltage of the remaining sub-modules is too large and exceeds the maximum critical value. It is assumed that when cutting out the (i -1)th sub-module, it still does not meet the requirement that it is greater than the minimum critical value, but the requirement is satisfied when cutting out the ith sub-module, such that U dcJ should satisfy Equation (6):
After cutting out the ith sub-module, the maximum output critical value of the combined converter is 2.5(M − i)nU PVJ ; therefore, subtract 2.5(M − i)nU PVJ from (Mi + 1)nU PVJ to give:
Since Equation (7) is always greater than 0, then Equation (8) is always true:
Therefore, after cutting out the ith sub-module, the combined converter can re-satisfy the output requirements.
(6) Similarly, if the theoretical output voltage of the combined converter is greater than the maximum critical value, i.e., U dcJ > 2.5(M − i)nU PVJ , the duty ratio D is greater than the upper limit, and the converter cannot operate stably. Suppose cutting in a sub-module of this combined converter, such that the output voltage borne by each of the remaining M+1 modules will decrease. This continues with the number of sub-modules being cut in increasing, such that the duty cycle of the remaining sub-modules will decrease gradually until it becomes less than 0.8. Similarly, when increasing the number of sub-modules of the combined converter, it is also necessary to consider whether the output voltage of the remaining sub-modules is too small and less than the minimum critical value. It is assumed that when cutting in the (i -1)th sub-module, it still does not meet the requirement of less than the maximum critical value, but the requirement is satisfied when the cutting in the ith sub-module, such that U dcJ should satisfy Equation (9):
After cutting in the ith sub-module, the minimum critical value of the output voltage of the combined converter is (M + i)nU PVJ ; therefore, subtract 2.5(M -i − 1)nU PVJ from (M + i)nU PVJ to give:
Since Equation (10) is always greater than 0, then Equation (11) is always true:
Therefore, after cutting in the ith sub-module, the combined converter can re-satisfy the output requirements.
The flowchart of the control of the combined converter by cutting modules in and out is shown in Figure 6 : Since Equation (10) is always greater than 0, then Equation (11) is always true:
Therefore, after cutting in the th i sub-module, the combined converter can re-satisfy the output requirements.
The flowchart of the control of the combined converter by cutting modules in and out is shown in Figure 6 : The feasibility of the sub-module cutting in and out control strategy has been theoretically analyzed above; however, for a specific collection system, the number of series arrays and rated power levels are known, and the number of modules of the combined converter can be reasonably optimized. It enhances the combined converters with the ability to suppress power disturbance and avoid too many modules cutting in and out. For a combined converter with M sub-modules, the actual output voltage range is MnUPVJ-MnUPVJ, such that if the rated output voltage is set at 1.75MnUPVJ, the output voltage of the converter deviates from the rated value under PSCs; whether it increases or decreases, it has a regulation margin of 0.75 MnUPVJ. If the output deviation is less than this margin, the combined converter can still work normally. If the power imbalance is the most serious, the deviation of the output voltage exceeds 0.75 MnUPVJ, and the number of converter modules can be optimized in advance to reduce the times modules need to be cut in and out. For the The feasibility of the sub-module cutting in and out control strategy has been theoretically analyzed above; however, for a specific collection system, the number of series arrays and rated power levels are known, and the number of modules of the combined converter can be reasonably optimized. It enhances the combined converters with the ability to suppress power disturbance and avoid too many modules cutting in and out. For a combined converter with M sub-modules, the actual output voltage range is MnU PVJ -MnU PVJ , such that if the rated output voltage is set at 1.75MnU PVJ , the output Energies 2020, 13, 474 9 of 18 voltage of the converter deviates from the rated value under PSCs; whether it increases or decreases, it has a regulation margin of 0.75 MnU PVJ . If the output deviation is less than this margin, the combined converter can still work normally. If the power imbalance is the most serious, the deviation of the output voltage exceeds 0.75 MnU PVJ , and the number of converter modules can be optimized in advance to reduce the times modules need to be cut in and out. For the convenience of description, taking two PV arrays as an example, the rated power level of the array is known. Under the rated condition, the output voltage of the converter is Udc1 = Udc2 = 1.75MnU PVJ = Vs/2, assuming that the power of two arrays meets P 2 = KP 1 (K > 1) under the most extreme conditions, and the grid-connected voltage is Vs, such that the theoretical output voltage of the two converters is as follows:
Irradiance mainly affects the output current of the photovoltaic at the maximum power point, and the influence on the output voltage is relatively small, where the voltage change is very small compared to the magnitude of the output voltage of the photovoltaic array. For the convenience of analysis, it is assumed to be unchanged. Therefore, if the converter wants to work normally in this most extreme power imbalance, the output voltage deviation of the two converters must be less than 0.75 MnU PVJ , meaning the following two formulas need to be satisfied:
Simplifying the above formulas gives K ≤ 2.5, which means that under the uneven illumination, as long as the power ratio of the two arrays is less than or equal to 2.5, the regulation margin of the combined converter can ensure the system boosts normally. If K > 2.5, the number of sub-modules in the combined converter can be optimized in advance such that the times the modules need to be cut in and out is within the controllable range. For example, if both converters are to meet the output requirements after one instance of cutting in and out control, the following two formulas need to be satisfied:
Combining the above two formulas, the range of M can be obtained. Similarly, the range of M can be obtained under other conditions. To sum up, for the photovoltaic DC boost collection system with a specific number of series-connected arrays and a rated power level: First estimate the maximum power difference among arrays in advance under PSCs, then set the intermediate value of the combined converter' output voltage range to the rated output value. Under uneven illumination, its output voltage has the same adjustment margin whether it increases or decreases, which ensures that it has a certain ability to suppress power disturbance. Under the most extreme power fluctuation, if the converter's output deviation is less than the regulation margin, the combined converter itself can suppress the power disturbance and maintain normal operation. If the output voltage deviation is greater than the adjustment margin, the number of modules of the combined converter can be optimized in advance, and the times modules are required to cut in and out can be reasonably controlled.
In this study, the combined converter was connected as shown in Figure 7 ; each array was boosted by the same number of sub-modules under normal working conditions. However, when a combined converter shared a small output voltage that did not meet the output requirements or a sub-module failed, the sub-module could be easily cut out. Similarly, if a combined converter had a large sharing voltage and did not meet the output requirements, the sub-modules cut out by other converters could be cut in the reserved spare position. It avoided providing alternate sub-modules for each array when the power difference between the PV arrays became small; each sub-module could be cut back to the original combined converter. This control method not only enhanced the module's utilization, but also improved the stability of the PV DC boost collection system. 
Simulation Analysis
The proposed control scheme was verified in MATLAB/Simulink 2018. In order to prove the effectiveness of the control strategy, the simulation model adopted the same circuit parameters as the experimental platform and was simulated under the same conditions. The system contained two 1.7 kW photovoltaic arrays, which are connected to two groups of converters, respectively, and the output was series-connected. The grid-connected voltage level was 2 kV; the rated output voltage of the converter was 1 kV. Each combined converter contained three sub-modules; the parameters of the sub-modules are shown in Table 1 . Three indicators of the simulations needed to be verified, including the effect of voltage and current sharing of the combined converter, the effectiveness of MPPT under light power imbalance, and the effectiveness of MPPT under severe power imbalance. Therefore, two groups of simulations were performed. One group of simulations was used to simulate the situation of light power imbalance, and then to test the effect of voltage and current sharing and verify whether the regulation margin of the combined converter could suppress the small power disturbance. Another group of simulations was used to simulate the situation of severe power imbalance; then, to test the 
The proposed control scheme was verified in MATLAB/Simulink 2018. In order to prove the effectiveness of the control strategy, the simulation model adopted the same circuit parameters as the experimental platform and was simulated under the same conditions. The system contained two 1.7 kW photovoltaic arrays, which are connected to two groups of converters, respectively, and the output was series-connected. The grid-connected voltage level was 2 kV; the rated output voltage of the converter was 1 kV. Each combined converter contained three sub-modules; the parameters of the sub-modules are shown in Table 1 . Three indicators of the simulations needed to be verified, including the effect of voltage and current sharing of the combined converter, the effectiveness of MPPT under light power imbalance, and the effectiveness of MPPT under severe power imbalance. Therefore, two groups of simulations were performed. One group of simulations was used to simulate the situation of light power imbalance, and then to test the effect of voltage and current sharing and verify whether the regulation margin of the combined converter could suppress the small power disturbance. Another group of simulations was used to simulate the situation of severe power imbalance; then, to test the effectiveness of voltage sharing and current sharing, and verify whether the control based on sub-modules cutting in and out could suppress big power disturbances, the simulations adjusted the output of the two photovoltaic arrays to simulate the power imbalance between two PV arrays. Tables 2 and 3 respectively show the output parameters of the two photovoltaic arrays at the maximum power point under two conditions. 
The Simulation of the Combined Converter Regulation Margin Suppressed the Power Disturbance
The output parameters of the PV arrays at the maximum power point under condition 1 are shown in Table 2 .
Under condition 1, from 0 to 1 s, the two PV arrays worked in the rated state, and the rated output power was about 1.7 kW. According to Equation (5), the actual output voltage range of the combined converter was about 696-1740 V. When the grid-connected voltage level was 2 kV, the rated output voltage of the converter was 1 kV. Under uneven illumination, the output voltage of the converter, whether increased or decreased, had at least a 300 V regulation margin, such that it had the ability to suppress certain power disturbances. From 1 to 2 s, the output power of PV array 1 was reduced to 1.3 kW, and the output power of PV array 2 was increased to 2 kW. The theoretical output voltage of combined converter 1 and combined converter 2 were 810 V and 1190 V, respectively, according to Equation (4), It can be seen that the two converters could still meet the actual voltage output requirements. Figures 8 and 9 show the simulation results of the input current and output voltage of each module in the combined converters 1 and 2 before and after the operating conditions were changed.
It can be seen in Figures 8 and 9 that the two photovoltaic arrays were in the rated working state from 0 to 1 s. The working states of the two combined converters were the same; the total input current of two converters was 14.7 A, which was equal to the current at the maximum power point; and the output voltage of the two converters was equal to the rated output voltage. Therefore, both PV arrays could work in MPPT mode. Due to the ideal simulation conditions, the parameters of each module could ideally be set to be the same such that the performance of the voltage and current sharing was excellent, and all the sub-modules had the same input current and output voltage. reduced to 1.3 kW, and the output power of PV array 2 was increased to 2 kW. The theoretical output voltage of combined converter 1 and combined converter 2 were 810 V and 1190 V, respectively, according to Equation (4), It can be seen that the two converters could still meet the actual voltage output requirements. Figures 8 and 9 show the simulation results of the input current and output voltage of each module in the combined converters 1 and 2 before and after the operating conditions were changed. reduced to 1.3 kW, and the output power of PV array 2 was increased to 2 kW. The theoretical output voltage of combined converter 1 and combined converter 2 were 810 V and 1190 V, respectively, according to Equation (4), It can be seen that the two converters could still meet the actual voltage output requirements. Figures 8 and 9 show the simulation results of the input current and output voltage of each module in the combined converters 1 and 2 before and after the operating conditions were changed. The two photovoltaic arrays were in a light power imbalance state from 1 to 2 s. The total input current of combined converters 1 and 2 were 11.7 A and 17.5 A, respectively, which was equal to the current at the maximum power point, and the output voltage of the two converters was equal to the theoretical output voltage; therefore, both PV arrays work in MPPT mode. Similarly, under the light power imbalance between the photovoltaic arrays, the sub-modules still maintained voltage and current sharing.
The simulation results showed that the combined converters could track the maximum power under the light power imbalance, and maintained voltage and current sharing between the sub-modules.
Simulation of the Cutting in and out Control
The output parameters of the PV arrays at the maximum power point under condition 2 are shown in Table 3 .
Under condition 2, between 0 and 1 s, both PV arrays were in a rated working state, while from 1 to 2 s, PV array 1 maintained the rated working state, but the output power of PV array 2 decreased to 0.7 kW; according to Equation (4), the theoretical output voltage of the combined converters 1 and 2 were 576 V and 1424 V, respectively. The actual output voltage range of the combined converter was about 690-1740 V; therefore, the combined converter 1 did not meet the requirements. However, if a sub-module in combined converter 1 cut out, its actual output voltage range was changed to 460-1160 V, which means the theoretical output voltage of the combined converter 1 also met the actual output voltage requirements. The output of the combined converter 2 satisfied the requirement originally. However, in order to verify the feasibility of the cut in and out control, the module cut out by combined converter 1 was cut in to combined converter 2; after cutting in the sub-module, the actual output voltage range of the combined converter 2 was 928-2320 V and its theoretical output voltage still met the requirements. Figures 10 and 11 show the simulation results of the input current and output voltage of each module in the combined converters 1 and 2 before and after the operating conditions were changed. It can be seen in Figures 10 and 11 that the two photovoltaic arrays were in the rated working state from 0 to 1 s, and the simulation result was the same as the previous one. From 1 to 2 s, the two photovoltaic arrays were in a severe power imbalance; as a result, sub-module 3 in the combined converter 1 was cut out and cut into the combined converter 2, module 1 and module 2 formed the combined converter 1, and modules 3-6 formed the combined converter 2. The total input current of combined converters 1 and 2 were 5.9 A and 14.7 A, respectively, which was equal to the current at the maximum power point, and the output voltage of the two converters were equal to the theoretical output voltage, such that both PV arrays worked in MPPT mode. After the cutting in and out control, module 1 and module 2 kept the same input current and output voltage, where the deviation of the input current and output voltage of the combined converter 2 were only 0.1 A and 1 V, respectively.
The simulation results show that the combined converters could track the maximum power under a severe power imbalance. Before and after the cutting in and out control, the sub-modules could all achieve voltage and current sharing.
Experimental Verification
This paper used an experimental platform that had the same topological structure and parameters of the simulation part to validate the proposed control method. The experimental platform is shown in Figure 12 , where two photovoltaic simulators were used to simulate the photovoltaic array, where they were connected to two groups of converters, and the grid-connected terminal used grid feedback bidirectional DC power to simulate the DC grid. Two groups of experiments were performed for comparison with the simulation results. It can be seen in Figures 10 and 11 that the two photovoltaic arrays were in the rated working state from 0 to 1 s, and the simulation result was the same as the previous one. From 1 to 2 s, the two photovoltaic arrays were in a severe power imbalance; as a result, sub-module 3 in the combined converter 1 was cut out and cut into the combined converter 2, module 1 and module 2 formed the combined converter 1, and modules 3-6 formed the combined converter 2. The total input current of combined converters 1 and 2 were 5.9 A and 14.7 A, respectively, which was equal to the current at the maximum power point, and the output voltage of the two converters were equal to the theoretical output voltage, such that both PV arrays worked in MPPT mode. After the cutting in and out control, module 1 and module 2 kept the same input current and output voltage, where the deviation of the input current and output voltage of the combined converter 2 were only 0.1 A and 1 V, respectively.
This paper used an experimental platform that had the same topological structure and parameters of the simulation part to validate the proposed control method. The experimental platform is shown in Figure 12 , where two photovoltaic simulators were used to simulate the photovoltaic array, where they were connected to two groups of converters, and the grid-connected terminal used grid feedback bidirectional DC power to simulate the DC grid. Two groups of experiments were performed for comparison with the simulation results. 
The Experiment of the Combined Converter Regulation Margin Suppressed the Power Disturbance
The output parameters of the two photovoltaic simulators at the maximum power point under condition 1 are shown in Table 2 . Figures 13 and 14 show the experimental results of the input current and output voltage of each module in the combined converters 1 and 2 before and after the operating conditions were changed. From 0 to 1 s, the two PV simulators worked in the rated state, where the total input current and output voltage were equal to the simulation results, and both PV simulators worked in MPPT mode. The input current and output voltage of some sub-modules were slightly different from the simulation results, where the maximum input current deviation among the modules in the two converters was 0.2 A, while the rated input current of the sub-modules was 4.9 A. Therefore, the 
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The output parameters of the two photovoltaic simulators at the maximum power point under condition 1 are shown in Table 2 . Figures 13 and 14 show the experimental results of the input current and output voltage of each module in the combined converters 1 and 2 before and after the operating conditions were changed. From 0 to 1 s, the two PV simulators worked in the rated state, where the total input current and output voltage were equal to the simulation results, and both PV simulators worked in MPPT mode. The input current and output voltage of some sub-modules were slightly different from the simulation results, where the maximum input current deviation among the modules in the two 
The output parameters of the two photovoltaic simulators at the maximum power point under condition 1 are shown in Table 2 . Figures 13 and 14 show the experimental results of the input current and output voltage of each module in the combined converters 1 and 2 before and after the operating conditions were changed. From 0 to 1 s, the two PV simulators worked in the rated state, where the total input current and output voltage were equal to the simulation results, and both PV simulators worked in MPPT mode. The input current and output voltage of some sub-modules were slightly different from the simulation results, where the maximum input current deviation among the modules in the two From 0 to 1 s, the two PV simulators worked in the rated state, where the total input current and output voltage were equal to the simulation results, and both PV simulators worked in MPPT mode. The input current and output voltage of some sub-modules were slightly different from the simulation results, where the maximum input current deviation among the modules in the two converters was 0.2 A, while the rated input current of the sub-modules was 4.9 A. Therefore, the maximum deviation rate of the input current was about 4%. The maximum output voltage deviation among the modules in the two converters was 12 V, while the rated output voltage of the sub-modules was about 333 V; therefore, the maximum deviation rate of the output voltage was about 2.4%. Both deviation rates were less than 5%; considering the parameter differences and measurement errors, the deviation rate was kept within an acceptable range.
From 1 to 2 s, the two photovoltaic simulators were in a light power imbalance. The experimental results show that the total input current and output voltage were equal to the simulation results, and both PV simulators worked in MPPT mode. Compared with the simulation results, the maximum input current deviation among the modules in converter 1 was 0.2 A, while the rated input current of the sub-modules was 3.9 A; therefore, the maximum deviation rate of the input current was about 5%. The maximum output voltage deviation among the modules in converter 1 was 8 V, while the rated output voltage of the sub-modules was about 270 V; therefore, the maximum deviation rate of the output voltage was about 3%.
By comparison, we could conclude that the experimental results were very close to the simulation results. The deviation rate of the input current and output voltage was less than 5%, and the effect of voltage and current sharing was good, which proved that the large output regulation margin of the combined converter could suppress a certain power disturbance between the series PV arrays.
Experiment of the Cutting in and out Control
The output parameters of the two photovoltaic simulators at the maximum power point under condition 1 are shown in Table 3 . Figures 15 and 16 show the experimental results of the input current and output voltage of each module in the combined converters 1 and 2 before and after the operating conditions were changed. among the modules in the two converters was 12 V, while the rated output voltage of the submodules was about 333 V; therefore, the maximum deviation rate of the output voltage was about 2.4%. Both deviation rates were less than 5%; considering the parameter differences and measurement errors, the deviation rate was kept within an acceptable range. From 1 to 2 s, the two photovoltaic simulators were in a light power imbalance. The experimental results show that the total input current and output voltage were equal to the simulation results, and both PV simulators worked in MPPT mode. Compared with the simulation results, the maximum input current deviation among the modules in converter 1 was 0.2 A, while the rated input current of the sub-modules was 3.9 A; therefore, the maximum deviation rate of the input current was about 5%. The maximum output voltage deviation among the modules in converter 1 was 8 V, while the rated output voltage of the sub-modules was about 270 V; therefore, the maximum deviation rate of the output voltage was about 3%.
The output parameters of the two photovoltaic simulators at the maximum power point under condition 1 are shown in Table 3 . Figures 15 and 16 show the experimental results of the input current and output voltage of each module in the combined converters 1 and 2 before and after the operating conditions were changed. Similar to the previous experiment, two photovoltaic simulators were in the rated working state at 0-1 s. From 1 to 2 s, the two photovoltaic simulators were in a severe power imbalance; however, according to the experimental results of the total input current and output voltage, both PV simulators worked in MPPT mode. Compared with the simulation results, the deviation of input current and output voltage between modules 1 and 2 were 0.1 A and 2 V, respectively; therefore, the deviation rate of the input current and output voltage were about 3.4% and 0.7%, respectively. The deviation of the input current and output voltage of the combined converter 2 were 0.2 A and 5 V; therefore, the deviation rate of the input current and output voltage were about 5% and 1.4%, respectively. By comparison, the experimental results were also very close to the simulation results. The deviation rate of the input current and output voltage was less than 5%, and the effect of voltage and current sharing was good, which proved that the control based on sub-modules cutting in and out could suppress large power disturbances.
Conclusions
In order to increase the power level and boost the DC voltage, a series PV DC boost collection system based on IPOS-BFBIC was adopted. Then, the distributed control strategy of the combined converters and the coordinated control strategy based on sub-modules cutting in and out was proposed. The main conclusions are as follows:
(1) In this paper, a distributed control strategy was used to solve the voltage-and current-sharing problems and improve the modularity of the converters. According to the results, the deviation rates of input current and output voltage of the converter was less than 5% under the two groups of experiments. (2) According to the experimental results, under uniform irradiance, the regulation margin of the combined converter could suppress a small power disturbance and ensure the maximum power point tracking. Furthermore, cutting the sub-modules in and out could solve the problem where a converter cannot normally boost under a severe power imbalance.
It is concluded that the control strategy proposed in this paper improved the adaptability of the combined converter in the photovoltaic DC boost collection system and helped to promote its application in the photovoltaic DC boost collection system.
